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In these proceedings, we study CP-conserving non-minimal flavour violation in A4 × SU(5)
inspired Supersymmetric Grand Unified Theories (GUTs), focussing on the regions of param-
eter space where dark matter is successfully accommodated due to a light right-handed smuon
a few GeV heavier than the lightest neutralino. We find that it is necessary to scan over all
NMFV parameters simultaneously in order to properly constrain the space of the model.
1 Introduction
Despite the absence of experimental evidence, supersymmetric (SUSY) extensions continue to
provide attractive solutions to shortcomings of the Standard Model (SM); they cure the hierarchy
problem related to the Higgs mass and lead to a more precise gauge-coupling unification as
compared to the SM, and can give viable dark matter candidates.
Non-observation of SUSY may to some extent be moderated by the argument that current
direct searches rely on specific assumptions. Moreover, as superpartner mass bounds increase,
assuming the Minimal Flavour Violation (MFV) paradigm postulating that all flavour-violating
interactions are related to the CKM- and PMNS-matrices only, may be relaxed without violating
experimental limits. Allowing for additional sources of flavour violation leads to a modification
of superpartner decay patterns, hence the obtained mass limits may be weakened 1. It appears
that a considerable region of the parameter space of the TeV-scale Minimal Supersymmetric
Standard Model (MSSM) can accomodate such Non-Minimal Flavour Violation (NMFV) in the
squark sector with respect to current experimental and theoretical constraints 2,3.
The goal of this study constrain the NMFV framework of a known model 4 by introducing
off-diagonal squark and slepton mass-squared terms in the Lagrangian at GUT scale, motivated
by analyses 5,6 which show that such flavour violation is generically expected. Here, we take
a phenomenological approach, and simply introduce flavour violating terms at high energy to
explore their effect on low scale observables.
2 Non-Minimal Flavour Violation
2.1 Flavour in SUSY-Breaking
It is well known that Supersymmetry (SUSY) must be broken to some degree. The associated
SUSY-breaking Lagrangian contains all terms which do not necessarily respect SUSY but hold
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to the tenets of gauge invariance and renormalisability. In the MSSM, this reads:
LMSSMsoft =−
1
2
(
M1B˜B˜ +M2W˜W˜ +M3g˜g˜ + h.c.
)
−M2QQ˜†Q˜−M2LL˜†L˜−M2U U˜∗U˜ −M2DD˜∗D˜ −M2EE˜∗E˜
− (AU U˜∗HuQ˜+ADD˜∗HdQ˜+AEE˜∗HdL˜+ h.c.)
−m2HuH∗uHu −m2HdH∗dHd −
(
bH∗uHd + h.c.
)
.
(1)
While the soft mass and trilinear parameters appearing in Eq. (1) are assumed to be diagonal
matrices in flavour space within the MFV framework, they may comprise non-diagonal entries
when relaxing this hypothesis and considering a NMFV scenario. It is convenient to parametrize
flavour violation in a dimensionless manner by normalising to respective diagonal entries of the
sfermion mass matrices;
(δQLL)ij =
(M2Q)ij
(MQ)ii(MQ)jj
, (δURR)ij =
(M2U )ij
(MU )ii(MU )jj
, (δDRR)ij =
(M2D)ij
(MD)ii(MD)jj
,
(δURL)ij =
vu√
2
(AU )ij
(MQ)ii(MU )jj
, (δDRL)ij =
vd√
2
(AD)ij
(MQ)ii(MD)jj
, (2)
(δLLL)ij =
(M2L)ij
(ML)ii(ML)jj
, (δERR)ij =
(M2E)ij
(ME)ii(ME)jj
, (δERL)ij =
vd√
2
(AE)ij
(ML)ii(ME)jj
.
with vu and vd being the vacuum expectation values of the up- and down-type Higgs doublets,
respectively.
2.2 The A4 × SU(5) Model
We impose A4 and SU(5) symmetries at the GUT scale. To this end, we unify the three families
of the usual F = 5¯ = (dc, L) into the triplet of A4 leading to a unified soft mass parameter
mF for the three generations. Families of Ti = 10i = (Q, u
c, ec)i are singlets of A4, and each
generation may have an independent soft parameter mT1 , mT2 , mT3
5.
Breaking A4 forces off-diagonal elements to be smaller than diagonal entries, providing a
theoretical motivation for small-but-non-zero flavour violation in such a class of models. SU(5)
gives the following relationships between the dimensionless NMFV parameters in the basis before
rotation to the SCKM basis, at the GUT scale:
δQ0LL = δ
U0
RR = δ
E0
RR ≡ δTT ,
δD0RR = δ
L0
LL ≡ δF ,
δD0RL = (δ
E0
RL)
T ≡ δFT ,
δU0RL ≡ δTT .
(3)
These four matrices parametrize the flavour violation in the A4 × SU(5) setup studied here.
Note that δT , δF and δTT are necessarily symmetric whereas δFT is not leading to a total of 15
NMFV parameters at the GUT scale.
It is apparent that we have flavour violation at phenomenological scales from two sources;
the presence of off-diagonal elements in various coupling matrices at the GUT scale due to A4
breaking, and further effects induced by RGE running.
3 Setup and Tools
We consider two MFV reference parameter points, one of which is inspired by a previous study
of this model4, and the other one with a heavier smuon. In both cases, we switch on off-diagonal
mass terms, consistent with SU(5), arising from A4 breaking effects.
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Figure 1 – Proceedure for each parameter point
Observable Constraint
mh (125.2± 2.5) GeV
BR(µ→ eγ) < 4.2× 10−13
BR(µ→ 3e) < 1.0× 10−12
BR(τ → eγ) < 3.3× 10−8
BR(τ → µγ) < 4.4× 10−8
BR(τ → 3e) < 2.7× 10−8
BR(τ → 3µ) < 2.1× 10−8
BR(τ → e−µµ) < 2.7× 10−8
BR(τ → e+µµ) < 1.7× 10−8
BR(τ → µ−ee) < 1.8× 10−8
BR(τ → µ+ee) < 1.5× 10−8
BR(B → Xsγ) (3.32± 0.18)× 10−4
BR(Bs → µµ) (2.7± 1.2)× 10−9
∆MBs (17.757± 0.312) ps−1
∆MK (3.1± 1.2)× 10−15 GeV
K 2.228± 0.29
ΩDMh
2 0.1198± 0.0042
Table 1: Data used to constrain parameters
Diagonal entries of soft matrices are fixed and NMFV parameters are entered for each
point by random selection about empirically determined limits. Parameters are then handed to
SPheno7 at the GUT scale, and are run using two-loop RGEs down to low scales where data is
available for comparison. Flavour phenomena as listed in table 1 are calculated using SPheno
and the relic density of the lightest neutralino (our DM candidate) is calculated by a custom
version of micrOMEGAs8.
Predictions are then compared against experimental data to determine if the point under
test is viable 9,10. In this manner of comparison, we set upper bounds on the amount of flavour
violation allowed in this scenario. It is necessary to scan over all flavour violating parameters
simultaneously, as to exploit hidden correlations and cancellations, and obtain accurate limits
on flavour violation.
4 Results
Using the proceedure outlined above, we constrain the NMFV parameter space of this model in
both reference scenarios. In figure 2, we demonstrate the importance of scanning over multiple
parameters in tandem; the left panel details the result of allowing a single parameter to vary,
keeping all others fixed. In such a case the posterior distribution (in red) is sharply peaked
around 0, meaning that not much flavour violation is allowed.
In a stark contrast to this, the right panel of figure 2 shows a broad distribution, allowing a
considerable amount of flavour violation. For a detailed discussion of all results, we encourage
the reader to consult the full paper 11.
5 Conclusion
As experiments continue to exlcude parameter space for the MSSM and other favoured minimal
SUSY theories, it is important to investigate and constrain those more exotic scenarios that
may include non-universal gaugino masses, compressed spectra etc. that may be able to elude
conventional collider searches.
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Figure 2 – Constraints on a particular flavour violating parameter. Prior distributions shown in blue, posteriors
in red. Left panel shows constraint when parameter scanned over in isolation, right panel when scanned over with
all other parameters.
We have constrained the flavour violating parameter space of the MSSM in this specific GUT
scenario. We stress that small flavour violation is a prediction of unified models that include a
flavour symmetry, and as such studying how superpartners can influence various flavour violating
phenomena is a critical part of testing SUSY at currently accessible scales.
Work in this area is ongoing, with an eye to enable SUSY GUT model descrimination using
flavour physics and to further constrain the MSSM.
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